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Mature and weanling Sprague-Dawley female rats were centrifuged at
2.5, 3.5, and 4.7 G for periods of time ranging up to 1 year. The growth
rates and final body welghts of weanling rats were significantly lower
than those of noncentrifuged control rats. Both mature and weanling rats
experienced initially a temporary loss in body weight due to inanition
and reduced food consumption. Comparison of organ/body weight retios of
L.5-month end l-year centrifuged rats with corresponding control rats
indiceted that prolonged exposures caused only a few changes. Relative

weights of the adrenals of L.5-month centrifuged rats were reduced while
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ivers of l-year centrifuged rats were increased. There was an

apparent decrease in red blood cells and a significant decrease in hematoerit
values of centrifuged rats. No histopathology was found in any of the
centrifuged groups of rats which could be attributed to the exposure
treatment. Results of this study show that rats are able to tolerate

rolonged periods of simulated high gravity environments with little, if

et

any, serious deleterious effects.
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The prnenomenton of the weightless state in space flight has raised

ons, heretoi
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developzent, and metabolism of terrestrial organisms. Experimental studiles
of gravity effects on mammals have been largely concerned with various
physioclogic responses and the determination of tolerance limits of animals

acutely exposed to simulated changes in gravity by centrifugation. The

Pl

ITects of prolonged centrifugation on growth of rats was first reported

y‘LLﬁthews{3) in 1953. ©Subsequently, other workers reported on various

o4

long-tern exposure studies on chickens (8,9), mice and hamsters (1,2,12),
exnd rats (%,5,6,10). The present study deals with the effects of different
G-lozds upon growth and organ development of rats centrifuged for various

B

pericds of time.

FETHODS
Animzls.- Female Sprague-Dawley rats were used in all studies. Except

therwi noted, all rats were fed Purina laboratory chow and water
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Lipiturn. Noncentrifuged rats (controls) were handled and maintained
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der conditions as close as possible to the centrifuged rats.

£

Centrifuge.- A ten radial armed centrifuge 8.5 £t in radius was used.
Cages (20 X 10 X 10 in.) large enough to hold % to 6 rats were suspended
by means of a pivotal yoke assembly from each arm positioned at one of '
3 fixed distances (4, 6, or 8 £t) from the center of rotation. The cage

zssenoly had one degree of freedom, swinging outward upon centrifugation.

[}

b

nd gravitational forces was vertical to the cage floor. The centrifuge

zch cage assumed a final position such that the resultant of the centrifugal
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wes run &% a constant 4O . Animals were exposed to a resultantv force
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flucrescent lights automated to provide on-off cycling at 6 A.M. and
& P.¥., respectively. The centrifuge was run continuously except for daily
stoppazes of approximately 20 minutes for servicing and weighing the rats.

The centrifuge was normally run continuously over the weekends without

Organ Veights.- Rats were fasted for 18-20 hr prior to their removal

Trom the centrifuge and exsanguinated by heart puncture under pentobarbital
anesthesia (50 mg/kg, i.p.). Organs were carefully excised, trimmed, and

weighed, and appropriate sections were fixed in cold 10% neutral formalin.?

Effect on Growth.- The differential effects on growth rates of weanling

rats exposed to 2.5, 3.5, and 4.7 G for 130 days are shown in Fig. 1. There
as a significant decrement (approximately 10%) in the body weights of rats
ollowing the first day of centrifugation. This loss in body weight was
recovered vetween the 5th and 8th day of exposure. During this initial
exposure period, the rats exhibited a post-rotary nystagmus along with a
characteristic side-to-side rolling movement of the head whenever the centri-
fuge was stopped. Similar responses have been reported in chickens subjected
t0 centrifugation (ll). With continued exposure of rats to centrifugation,

the nystegmus and head response disappeared and the rats appeared normal

end completely unaffected whenever subjected to deceleration. During the

1Histopathologic examination of these tissues was performed by

r. I. Ernest Gonzalez, Department of Pathology, University of Califormia

o

Medical Center, San Francisco, California.
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wericd immediately following the first week of exposure, the centrifuged

rais grew at a rate similar to but less than corresponding control rats.
ATter 4 months of exposure, the mean body weights of the centrifuged rats
were significantly less than those df control rats and inversely proportional
to the G-load imposed.

In a second growth study of weanling rats, individual body weight
measurements were recorded during a 4O-day period immediately following
the centrifugation-induced weight-loss period. Regression coefficients
cf growth for these raits are presented in Table 1. The regression coeffi-~
cients for the 3.5 and 4.7 G exposed rats were significantly less for
the control rats. There was, hovwever, no significant difference in the
growth rates between the two centrifuged groups.

The generzal pattern of response to centrifugation of mature rats was
very similer to that of weanling rats except that mature rats required
considerably more time to recover from the initial stress effects of

centrifugetion. Mature rats, for example, weighing approximately 230 g

5

verage of 30 g when centrifuged at 4.7 G and this weight loss was
not recovered until the 34th day of exposure. Weanling rats similarly
treated recovered their weight loss in less than 8 days. This initial
weight loss experienced by centrifuged rats can be attributed to inanition
and reduced food consﬁmption.

Figure 2 shows the pattern of response in body weight and food
‘consumption of mature rats when subjected to 4.7 G over a 25-day period.
It can be seen that the precipitous fall in body weilght of rats exposed to
centrifugation can be substantially reproduced in noncentrifuged pair-fed
rats. If the centrifugation was continued over a sufficiently long period,

the food consumption rate of exposed rats was restored and eventually
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cxteeded thac of control rats. In a représentative experiment, for example,
tne Tood ccnsumption rates of rats centrifuged for 3 months at 2.5, 3.5,

end 4.7 G were 18.5, 16.4, and 17.4 g/rat/day, respectively; control rats
averaged 15.3 g/rat/dey. Corresponding mean bodj weights were 22k, 218,

and 198 g for the centrifuged rats and 261 g for the control rats. If

the Tood consunmption rate were based on body weight, the differences between

the centrifuged and control rats would be even greater.

Effect on Orgen Weights.- The organ/body weight ratios of rats

H
BulR

exposed to 2.5, 3.5, and 4.7 G for 4.5 months along with corresponding
control rats are presented in Table 2. All rats were approximately 4 weeks
0ld at the start of the experiment and weighed 83 1.4 g. They were from

the same group of animals employed in the growth study of Fig. 1. For

ezch organ, an analysis of variance technique was used to test the hypothesis
of homogeneous group means. Whenever the resultant F-value was significant
(P < 0.03), intergroup comparisons were made utilizing Scheffe's method (7)
with 2 confidence coefficient of 95%. This method, though somewhat conserva-
tive, overconmes the problem of unequal variances due to unequal sample size
end also gives an exact confidence level for the experiment as a whole. The
only statistically significant changes found were a decrease in body weight
and adrenal/body Qeight ratio of the 3.5 and 4.7 G groups of rats. All
other organ/body weight ratios were within the normal range of values for
control rats. Thnere was an indication that the relative weights of the
pituitary of these rats were decreased and the liver increased although

the changes were not considered statistically significant (P < 0.10).

Similar data for rats exposed to 1 year of centrifugation are presented




-7-

in Toble 3. A summary of the stetistical analysis is given in Table k4.

The 105t consistent alteratlon found was an increase in liver weights in
the centrifuged groups of rats. The differences were significant when com-
pared to either the weight (Group A) or age (Group B) control rats. It
should be noted that although the weight control rats were 3 months old

aznd the age control rats more than a year older, no difference between these
two contrcl groups in liver/body weight ratios was found.

The increase in lung size of the 4.7 G centrifuged group (Group E)
over the age conirol (Group B) was especially striking. Two of the centri-
fuged rats had very enlarged chests along with an sbnormal curvature of
the thoracic vertebrae. The smaller thymus of the centrifuged rats of
grouss (C), (D), and (E) and age control rats (Group B) compared to the
younger weight control rats (Group A) was not unexpected since it is known
that the thymus involutes in animals with age. A marked depletion in body
f2t, similar to that found by Smith and Kelly for chickens (8), was noted
in 211 centrifuged racs whether exposed for 4.5 months or 1 year. For
each exposure period, the depletion appeared to be proportional to the

imposed G-load.

Hematology .- The hematologic response of rats centrifuged for 4.5 months
and 1 year is shoﬁn in Table 5. There was aﬁ apparent decrease in the RBC
ard hematoerit values of 4.5-month centrifuged rats, but only the hematocrit
values of the 2.5 and 4.7 G rats vere statistically significant.

In the l-year exposure study no direct comparison with control values
could be made since hematologic studies were not run on l-year age control
rats. The values, hovever, for the l-year centrifuged rats are quite

similer to those of the 4.5-month exposed rats. WBC levels appeared to be
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decweased in the centrifuged rats of the 4.5-month study; however, the

results were not statistically significant (P < 0.10). Rats centrifuged
for 1 year at 3.5 G and then removed from the centrifuge for 30 days showed
en incrcase in both RBC and hematocrit values compared to a comparable
group of centrifuged rats on which hematology was done immediately after

the year-long centrifugation.

Histopatholozy .- Detailed examination of tissues from rats subjected

-

to centrifugation for periods of 4.5 months or 1 year revealed no con-
sistent histopatnologic cherge which could be attributed to the exposure.
Cne of the control rats of the l-year study, however, developed a
spontaneous mammary tumor and was excluded from the experiment.

Results of histochemical studies of lipid distribution® in the various
zones of the adrenal cortex were variable and showed no consistent pattern
of alteration that could be attributed to the centrifugation treatment.

Iungs from both control and centrifuged rats showed in some cases
diffuse interstitial pneumonitis and atelectasis. In both rats previously
rentioned as having enlarged pulmonary capacities, histologic examination

of the lungs revealed diffuse atelectasis and compensatory enphysema.

DISCUSSICON

¥
»

From this study it is clear that rats are able to tolerate prolonged
exposures of relatively high G-loads with no serious pathologic alterations

resulting. It should be pointed out that there were no deaths at any of

ct
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G-lozds and exposure pericds employed in this study. During the initial

W

ZNeutral lipids were stained with oil red O while tissue cholesterol

was determined by Schultz's method.
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vericd of exposure to simulated high graviity conditions by centrifugation,
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re most adversely affected as indicated by their marked weight loss
uction in food consumption. This initial stress response can be
attributed not only to the imposed G-load but to the effects of angular

acceleration. The influence of the latter factor is evident from the

]

ystagmus response elicited in the rats during the first week of centrif-

o

ization. The relative contributions of the centrifggal force and of
arpular acceleration have not been assessed as yet; however, studies are
in progress to resolve these components.

The general appearance and behavior of rats which have adapted to
nigh-G environments were similar to noncentrifuged control rats; this is

articularly true for rats exposed to 2.5 and 3.5 G. At 4.7 G, the toler-

td

zrnce limit is apparently reached and these rats were somevwhat emaciated
and seedy in appeerznce. From motion pictures taken of high-G adapted
rats during centrifugation, it was evident that the rats could move about

o,

n & normel menner during centrifugation withnodifficulty and were not

£

zdversely alffected during either acceleratvion or deceleration.

It was previously reported (6) that when rats were centrifuged for
3 months and then removed from the centrifuge, their body weight increased
rapidly from 6-11% during the first 24 hr off the cgntrifuge. This increase
could be attributed to increased food and water consumption and concomitant
rehydration. In contrast, rats in this study which were centrifuged for
1 year did not show any increase in body weight during the first 24 hr off
the centrifuge. The 4 rats, centrifuged for 1 year at 3.5 G and then

removed from the centrifuge for 30 days (Table 5), weighed an average
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o removal, 279 g after the first 24 hr off the centrifuge,
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O
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end 297 g after 30 days. The food consumption rate fell from 16.9 g/rat/day
during centrifugation to 12.4 g/rat/day during the first 24 hr off the
centrifuge. The food consumption rate after the first day was only slightly
higher than the rate on the centrifuge bul L.~ sater consumption rate,
however, did increase from 31.6 ml/rat/day to 48.9 ml/rat/day. The reason
for the difference in response upon removal from the cemtrifuge of the
3-monta and l-year exposed groups of rats is not clear. It is possible
thet in the l-year exposure study, the almost daily stoppages of the
centrifuge for servicing may have conditioned the rats so that they were
unaffected when returned to normal gravity conditions.

The specific effects of intermittent stoppages of the centrifuge upon
the growth patterns of exposed rats cannot be ascertained at present. The
resolution of this problem will require the use of a fully automated

entrifuge which can operate continuously without stoppage for animal

(¢

servicing.
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TARIE 1.- Regressicn coefficients for growth of weanling rats

No. of

Treatment ot logeh b = standard deviation P
rats 7
Control (48) h.523 0.02381+0.00057 -—
3.6 G (o)  4.402 0.02131+0 .00060 < 0.01
L7e6 (24) 4.430 0 .02074+0 .00099 ‘< 0.025

Exponential growth equation: logeW = log,A + bX

where W = body weight in grams

b

regression coefficient * standard deviatilon in
g/day/g body weight
X = days centrifuged

P value: Significant from conirol at stated probability.
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TATIE 2.- Organ/body weight ratic: of rats centrifuged for

oy
months

4.

i

GROUP Age control 2.5 @& 3.5 G L.7¢G
WC. CF RATS 5 4 4 L
AV. BODY WT, g 261+11 216+9 211+10% 205t 14*
ORGAN (mg/100 g body wt)
Liver 2,560k 2,890:220  3,320£236  3,010£192
{idneys, pr 695+18 685+27 T720£27 73228
Spleen 2137 22Lx19 230£9 189x1L
Thymus 108+13 11121 103+15 5616
Thyroid 206+10 166220 134£23 163+38
Pituitary 5.8T7£0.26 L.98+0.15  L4.24+0.48 4.83+0.62
Adrenals, pr 28.9+0.8 25.5%1.5 23.1+0.9% 21.6£1.2%
Cvaries, pr Lo .5+3 .4 48.0+5.0 L7.7%9 .4 51.0%3.2
Uterus 152+20 103£36 11365 85.5+34
ungs L19+13 LoBx23 LL6+16 483+32
Heart 299+3.6 336%19 356£40 37125
Femur, left 37611 L0921 38319 39385

Values are means * standard error.

*Significent from control at a probability of 0.05 or less.
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PAEIE 3.- Orgon/body weight ratios of rats centrifuged for 1 year

GROUP* A. Control B. Control C.3.5¢6 D. k.7 ¢ E. b7 ¢

0. OF RATS 10 6 9 9 6
AV. BODY WT, g 2506 32313 272£8 2318 262£13
ORGAN {mg/100 g body wt)
Liver 770290 2,640%50 3,390£90 3,280£110  3,240+2L40
Kidzeys, o2 737223(9) T02*22 Th1x29 759X27 80029
Spleen 18527 176x16 222+9 1859 16k+19
Thyrus 101%9 34.2xk .9 34.6x4.5(8)  39.5%3.7 20.6£3.5
Thyroid 2028 18812 181+9 . 179+5 178tk
Pituitary 06+0.29 4.99+0.38 6 .56+0 .69 6.17£0.35 5.89+£0.58
tdrenzls, pr 2L .2+1.0 o2.4+2.2(5) 20.4£0.5 22 .6£0.9 24 .0+1.9
Ovaries, pr 43L£29(8) Logtls 610+62(3) 510£26( 4) 48L+59
Uterus 175£13(8)  156%17 183+11(3) 194£16(4) 23151
Lungs Logx29(h) 39120 k93+28(3) k9x20(3)  520:23(5)
Heart 351£15(6) 3227 365211(3) 336x12(k4) 35220
Ferur 3469 362il6 336x4(3) 378£1(%) 3891k

Values are means * standard error for the number of rats in each group; when

less, the number employed is given in parentheses.

*A ., Weight controls, 3 months old; B. Age controls, 15.5 months 0ld;

C. Centrifuged for 348 days from weanling age (4 weeks old, av wt = 76.5

£ 1.3 g); D. Centrifuged for 348 days from weanling age (4 weeks old,

LA

av wt = 73.8 £ 1.1 g); E. Centrifuged for 89 days at 3.5 G followed by 295

days at 4.7 G. Rats were 3 months old (av wt = 237 = 5 g) at start of

centrifugation, 15.5 months at time of sacrifice.
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TLABIE 5.- Hemztologic cdata on centrifuged rats
- No. A .
Exposure G of gBC:S Hematoerit, WBC,
time rats 10° /mm % 103 /mm>
L .5 months 2.5 i 7.81£0.16 42 40 .8% 2.78+£0.60
3.5 in 7.46£0.14 42 .6+0.6 4.61+1.26
L7 L 7.50£0.16 41 .6+0.5% 3.46+0.68
Control 5 8.18%0.26 45.1+£0.7 5.90+0.49
1 year 3.5 9 8.23+0.29 41.8£0.9 4 ,38£0.53
b7 9 7.46%0.32 40.3%1.2 3.83£0.42
3.5T 4 10.03x0.28 43.0+0.8 4.53+1.3F

Values are means * standard error.
*P < 0.05

?Centrifuged for 1 year and then removed from centrifuge for

L)
(@}
fu

ays.

T3 rats
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1.- Growth of female weanling rats under varying G-loads as a function
of exposure time. Each point represents the mean body weight of 12
rets except for the noncentrifuged control group (16) which is the

mean of 36 rats.

ig. 2.- Effect of centrifugation on body weight and food consumption of

mature female rats. Each point represents the mean of 6 rats.
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